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     We monitored acoustic emission (AE) events associated with the 
progressive excavation of an underground chamber for a powerhouse at a 
depth of 280 m below the surface in a porphyritic rock mass of the 
Mesozoic era. Large AE events rarely occur under such conditions; 
specifically, low-stress environments due to the shallow depth, careful 
excavation, and sufficient reinforcement. However, upon employing 
sensitive, high-frequency monitoring (15 to 40 kHz) in a relatively small 
region, some AE events were located and, by using fault-plane solutions, 
their fracture mechanisms were identified. Strike and dip angles of fracture 
planes and the directions of principal stresses, all derived from fault-plane 
solutions, were consistent with the directions of dominant joint surfaces, 
the measured initial stress conditions, and the shape of nearby excavated 
openings. This suggests that by employing sensitive, high-frequency AE 
monitoring, fault-plane solutions can be effectively utilized as a tool to 
assess the stability of a chamber excavated at shallow depth, as well as in 
deep mines where fault-plane solutions have already been used in practice 
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     When excavating a large chamber such as one for an underground 
powerhouse, it is important to monitor the stability of the rock mass around 
the chamber being evacuated. Acoustic emission (AE) or microseismicity 
monitoring is a viable, nondestructive method for detecting microfracture 
prior to a macroscopic rock fracture. Even in cases where only P-wave data 
are available without corresponding S-wave data, we can locate an AE 
event by reading out the arrival times of P-wave first motions within 
recorded waveforms of the event. Furthermore, if we can distinguish the 
polarities of those P-wave first motions, we can discern the fracture 
mechanism of the AE event. In other words, from the polarities, we can 
distinguish whether P-wave arrivals at AE sensors are compressive or 
dilatational (respectively indicated as upward or downward traces on the 
recorded waveforms) and, from that, determine the strike and dip angle of 
the fracture plane accompanying the AE event and the directions of the 
principal stresses inducing the AE event. For example, should a numerical 
simulation suggest a possibility of a tensile fracture in a portion of an 
underground chamber, we can check for this risk by monitoring and 
analyzing AE events induced around that portion. As another example, 
should a large stress concentration be predicted, we can check whether such 
a stress concentration is actually induced; furthermore, we can also check 
whether the maximum stress direction is the same as that predicted, free of 
the influence of inherent joint orientations or other rock mass 
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inhomogeneity. A merit of AE monitoring is its ability to obtain 
information not only on fracture location, but also on fracture mechanism. 
Many other monitoring methods are unable provide such information. 
 
     With regard to induced seismicity in metal mines excavated from 
1400 to 3500 m deep, fracture mechanisms are often identified by using the 
fault-plane solution and moment tensor inversion [1-3]. These methods are 
also applied to the identification of fracture mechanisms in coal mines, 
which have relatively shallow depths from 600 to 1500 m but also have 
much larger volume excavations, thereby inducing stress concentrations of 
the same approximate intensity as deep metal mines [4-6]. Nevertheless, 
with regard to large chambers excavated at a relatively shallow depth for 
civil engineering works (e.g., an underground powerhouse), the fracture 
mechanisms of AE events have been rarely identified, except for examples 
obtained in the closely monitored environment of the Underground 
Research Laboratory in Canada as reported by Young's research group 
[7-9]. The reason seems to be that AE events having enough energy to be 
located in three dimensions and to be analyzed for their fracture mechanism 
are only rarely induced in shallow chambers, which are typically 
characterized by low stress, careful excavation, and sufficient 
reinforcement. Now, however, considering that count rates and frequency 
changes of AE events have been successfully monitored and utilized in a 
chamber being evacuated for an underground powerhouse as reported by 
Cai et al. [10], we should be able to obtain valuable information on fracture 
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mechanisms and the like through sensitive monitoring of AE events. 
 
     We monitored AE events induced by the progressive excavation of 
an underground powerhouse chamber for the Ohkawachi Power Station in 
Hyogo Prefecture, Japan. The powerhouse is located at a depth of 280 m 
below the surface. As expected, large AE events were rarely encountered 
during excavation. However, by employing sensitive, high-frequency 
monitoring (15 to 40 kHz) for small AE events over a relatively small 
region (making use of experience accumulated through previous tests, 
including direct shear testing [11], small-scale in situ heater testing [12], 
and small-scale hydraulic fracturing testing [13]), we were able to locate 
several AE events in three dimensions and identify their fracture 
mechanism. The strike and dip angles of fracture planes and the directions 
of the principal stresses thus derived were consistent with the directions of 
dominant joint surfaces, measured initial stress conditions, and the shape of 
excavated openings near the location of an AE event. The results 
demonstrate that even with regard to chambers carefully excavated under 
low-stress conditions at a shallow depth and with sufficient reinforcement, 
AE monitoring can provide useful information for stability assessment. In 
this paper, we present and discuss data previously reported separately in 
earlier symposiums [14, 15] together with new data. 
 
     The monitoring itself was conducted in 1990, and thus the 
instruments used for the monitoring were outdated in comparison with 
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current technology. This said, the date of monitoring is not of any 
particular significance in relation to other aspects of this paper.  
 
     Back then, the Kansai Electric Power Company, which was 
responsible for power supply in the Kansai area (central Japan), faced a 
need to accommodate timing differences between electricity supply and 
demand peaks. The company moved to construct a pumped storage 
hydroelectric powerhouse, the Ohkawachi Power Station. The underground 
powerhouse was constructed as a part of the facility, with work beginning 
in March 1988 and ending November 1992. 
 
     During an era of rapid economic growth from 1970 to 1995, many 
underground powerhouses were constructed in Japan. In conjunction, many 
in situ measurements were carried out during excavation [e.g., 16, 17], with 
much data obtained on rock mass properties [e.g. 11]. These data have 
proved invaluable in investigations of rock-mass behavior and chamber 
wall fracture. Among such data, the AE monitoring data described in this 
paper are particularly well preserved and conveniently arranged for 
analysis. Here, we revisit the data to demonstrate the possibility of 
identifying microfracture mechanisms in a shallow chamber under low 
stress through the use of sensitive, high-frequency AE monitoring.  
 
     In this research, we used only P-wave first motions without S-waves. 
We do so because we cannot find S-wave arrivals in the traces, which are 
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superimposed with many other waves probably produced by reflections off 
chamber surfaces. We identified the fracture mechanism of an AE event 
using the fault-plane solution, rather than moment tensor inversion, which, 
in addition to the polarities of P-wave first motions, also requires their 
amplitudes. It is difficult to ensure equal sensitivity to amplitude across all 
sensors for two reasons: (i) within high-frequency monitoring (from 5 to 
100 kHz, as employed here), the sensitivity of a sensor is not constant but 
depends strongly on the frequency; and (ii) we could not find a reliable 
method to calibrate the coupling effect between a sensor and cement in a 
borehole under high-frequency monitoring, a difficulty pointed out by Shah 
and Labuz [18] in their laboratory experiments. For these reasons, we 
considered the fault-plane solution to be much more suitable and reliable 





2. MONITORING SITE 
 
2.1. Outline  
     AE events were monitored during the progressive excavation of the 
main chamber for the powerhouse of the Ohkawachi Power Station, a 
pumped storage water power station in Hyogo Prefecture, Japan. Figure 1 
shows the layout and two sectional views of the chamber, which, upon 
completion, measures 24.0 m wide, 46.6 m high, and 134.5 m long. It was 
excavated at a depth of about 280 m within a Mesozoic era porphyritic rock 
mass. 
 
     AE events were monitored from holes drilled in a chamber wall at a 
location not far from what would become the installation position for the 
No. 3 dynamo, near the center of the main chamber. Three AE monitoring 
holes were drilled prior to chamber excavation from a previously excavated 
magnetizing equipment room, as shown in Fig. 1. In addition to the AE 
monitoring holes, another hole, this one to hold a multi-extensometer for 
displacement measurement, was drilled at a 22 m horizontal distance from 
those holes (displacement measurement would later be used to verify 
fracture mechanisms against those deduced from monitored AE events). 
 
     The mechanical properties of the porphyritic rock are summarized in 
Table 1. Young’s moduli obtained from drilled cores in a laboratory and 
from the rock mass in situ were 76 and 24 GPa, respectively. These values 
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are higher than the average moduli of rocks in Japan. In terms of the 
classification of the rock mass quality, Q, proposed by Barton et al. [19], 
the Q value was measured to range from 4 to 20, corresponding to ‘Fair’ to 
‘Good’ in the classification.  
 
2.2. Pre-existing joints and their orientations 
     Observations of drilled cores and video images obtained by a 
borehole television system show that, on average, the rock mass had 10 
joints per meter. It was thus expected that the wall rock mass would not 
behave as a continuum. Another hole was drilled along the AE holes, and at 
11 points along that hole we monitored the change in vertical diameter with 
progress of chamber excavation. As expected, the results suggested that 
stress redistribution with progressive excavation was strongly affected by 
this presence of many pre-existing joints [17].  
 
     Figure 2 shows a lower hemisphere projection of joint surface 
orientations on a Schmidt net. These joint surface orientations were 
measured in the AE holes before AE sensors were set in them. From the 
figure, we note that the most dominant joint surface (9 to 11% 
concentration) is around a point 68 clockwise from true north and 68° 
from the vertical. 
 
2.3. In situ stress 
     Over-coring in situ stress measurements were conducted at the two 
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points using the two sets of the three holes, OC1, OC2 and OC3, and OC4, 
OC5 and OC6, drilled from investigation adits above the chamber (see Fig. 
1). In the stress measurements, the multi-element (5 elements) strain gage 
developed by Kanagawa et al. [20, 21] was used. In the multi-element gage, 
four strain gauges are oriented in radial directions of the hole (at 45 degree 
intervals) and one strain gauge is directed axially. With these five strain 
gauge elements, the two-dimensional principal in situ stress condition in 
the radial plane and a normal stress component in the axial direction can be 
obtained. However, to determine the 3-dimensional in situ stress condition, 
it is necessary to carry out two set of over-coring in differently directed 
boreholes. In practice, it is better for accuracy to carry out the stress relief 
method in 3 boreholes oriented in different directions [20, 21, 22]. In the 
stress measurement, the 3 holes were drilled horizontally at 45 degrees 
intervals to determine the stress condition at each of the two points, and 
over-coring measurements were conducted three times along each hole. 
 
     Since the three dimensional stress conditions respectively obtained at 
the two points did not show large difference,  average stress condition for 
the construction site was determined using all released strains in the six 
boreholes [23]. As shown in Figure 3,  the magnitude of the maximum 
compressive stress, σ1, was 10.0 MPa; that of the intermediate stress, σ2, 
was 6.4 MPa; and that of the minimum stress, σ3, was 3.9 MPa. The 
orientations of these principal stress axes are shown in the lower 
hemisphere projection on the Schmidt net. 
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2.4. Excavation steps and AE sensor setting positions 
     The excavation of the chamber was started at the upper section, 
where rock mass was removed in the order of portions (a), (b), and (c) 
indicated in Fig. 4. After that, the floor was progressively excavated 
downward by cutting 10 benches, No. 1 through No. 10, each having a 
height of 3 m. Because of research budget limitations, AE monitoring was 
carried out during only the excavation of (1) the pillar portion in the upper 
section (portion (b) in Fig. 4) and (2) the No. 3 and No. 6 benches. In steps 
with the horizontal progress of pillar and bench excavation, AE events were 
monitored for 2 h immediately after each blasting near the boreholes in 
which the sensors were located. The symbols in Fig. 4 (a star, an open 
circle, and multiple crosses) indicate sources of AE events induced by these 
excavations. 
 
     The AE sensors were set along the three AE holes as shown in the 
bird's-eye view in Fig. 5. The three holes are parallel and about 3 m apart. 
 
     Each sensor consisted of a piezoelectric element and a brass case as 
shown in Fig. 6. The piezoelectric element, measuring 30 mm in diameter 
and 10 mm in thickness, was polarized in the axial direction of the disk and 
had a resonance frequency of 67 kHz. The piezoelectric element was 
placed at the bottom of a cylindrical brass case having a diameter of 40 mm 
and a height of 34 mm. The cylinder was then waterproofed by filling it 
with silicone rubber [16]. Since the dominant frequency of waveforms 
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actually recorded in the monitoring was in the range of 15 to 40 kHz, the 
resonant frequency of the sensor (including the brass case) should be within 
this frequency band. 
 
     Figure 7 shows a block diagram of the AE monitoring system. A 
signal detected at an AE sensor is first amplified by 40 dB with a 
pre-amplifier set in the monitoring hole and again amplified by 40 dB with 
a signal conditioner placed in a research shed. To eliminate noise, the signal 




3. RESULTS AND DISCUSSION 
 
     To obtain a fault-plane solution for an AE event, it is necessary to 
obtain clear traces of P-wave first motions at numerous sensors. Only AE 
events induced by large rock fractures satisfy this condition. Many AE 
events having small amplitudes were recorded during monitoring; however, 
only a small number of those events producing amplitudes sufficiently 
large to obtain fault-plane solutions were recorded. As shown in Table 2, 
we were only able to obtain fault-plane solutions for eight events: one 
induced during the excavation of the pillar portion, one during the 
excavation of the No. 3 bench, and six during the excavation of the No. 6 
bench. Following the order of the events, we discuss the fracture 
mechanisms of these AE events in relation to stress conditions and 
pre-existing joint orientations. 
 
3.1. AE event induced during the excavation of pillar portion (b) 
     In excavating the upper section of the underground powerhouse, two 
side drifts (portions (a) in Fig. 4) were driven first, after which the pillar 
portion (b), measuring 7 m high, 9 m wide, and 134.5 m long, was cut. 
Figure 8 shows a plane view detail of excavation progress of the pillar 
portion (b). In this detail, we see that at 10:18 on January 30, 1990, 2 m of 
portion (b), then in the form of a pillar, was excavated by blasting. Then, at 
13:03 in the afternoon of the next day (January 31), an additional 2 m was 
blasted. At 13:28, 25 min after the second blasting, part of the new pillar 
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face (area colored black in the figure) suddenly collapsed. Simultaneous to 
this collapse, a large-amplitude AE event was recorded by sensors set along 
the three boreholes at distances of more than ten meters horizontally and 
vertically from the location of the collapse. From P-wave first-motion 
arrival times, the source was located at the position marked with a star in 
Fig. 8 (this location is also shown with the same symbol (a star) in the 
elevation view of Fig. 4 and on the bird's-eye view of Fig. 5). The collapse 
of the face was most likely caused by a stress concentration, because it was 
left in a form of a pillar tip that was easily subjected to stress concentration. 
From this, we infer that the AE event was induced by a sudden increase in 
rock stress due to stress redistribution associated with the collapse of the 
face. 
 
     Figure 9 shows the fault-plane solution for this AE event. The closed 
circle (●) indicates a sensor recording compression for P-wave first motion, 
while the open circle (○) indicates a sensor recording dilatation. The 
downward closed triangle (▼) added alongside a waveform, means that the 
trace of the P-wave first motion was downward, while the upward closed 
triangle (▲) means that the trace was upward. To check the polarity of 
P-wave first motion, a cap was exploded within another hole drilled in the 
center of and parallel to the three holes along which the AE sensors were 
set. Because all P-wave first motions of the traces recorded upon the cap 
explosion were found to be downward, the downward traces were 
recognized as compression, while the upward traces were recognized as 
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dilatation. The first motions at sensors Nos. 6 and 22 were not clear. Those 
at all other sensors, however, were clearly and easily classified into 
compression or dilatation. 
 
     Comparing the fault-plane solution to the joint orientations shown in 
Fig. 2, we find that the most dominant joint surface orientation (9% to 11% 
concentration) is around a point 68 clockwise from true north and 68° 
from the vertical. When we choose fault plane A in the same direction as 
that of the most dominant joint surface as shown in Fig. 9, the fault-plane 
solution thus obtained is not inconsistent. By choosing plane A as the fault 
plane, we can choose auxiliary plane B. From the directions of planes A 
and B, the P (pressure) and T (tension) axes (which indicate directions of 
the maximum and the minimum principal stress causing the AE event) are 
uniquely obtained to be in the directions shown with the letters P and T. In 
comparison with the stress condition shown in Fig. 3, which was measured 
prior to chamber excavation, we also find that the orientations of the 
principal stresses, σ1 and σ3, are similar to those of the P and T axes shown 
in Fig. 9. 
 
     Through the discussion, the following could be concluded: (i) the AE 
event was induced by a sudden increase in rock stress due to a stress 
redistribution associated with the partial collapse of a pillar; (ii) the AE 
event was induced with a fracture along one of the dominant joint surfaces; 
and (iii) the directions of the maximum and minimum principal stresses 
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causing the fracture were almost the same as those under the initial stress 
condition. 
 
3.2. AE event induced by excavation of the third bench 
     Figure 10 shows a plane view of the progressive excavation of the 
No. 3 bench. Every bench, from No. 1 through No. 10, measured 3 m in 
height, 24 m in width and 134.5 m in length. Each bench was divided 
lengthwise into a 12 m penstock-side strip and a 12 m tailrace-side strip, 
and each respective 12 m wide strip was excavated 9-15 m along its length 
with each blasting. The block constituting the tailrace-side strip located 
immediately in front of the three holes along which the AE sensors were set 
was removed by blasting at 17:40, on September 15, 1990. One week later, 
on September 22 at 17:03, the next blasting was conducted. The No. 2 AE 
event discussed here was recorded 44 min after this second blasting. The 
location of its source is shown by an open circle (○) on the plane view (Fig. 
10), on the elevation view (Fig. 4), and on the bird's-eye view (Fig. 5). 
 
     Figure 11 shows the fault-plane solution and recorded waveforms of 
the No. 2 AE event. The arrows added alongside the nodal planes indicate 
the directions of displacement deduced from the solution (in Fig. 9, it was 
difficult to show the displacement directions with arrows, because they 
were almost normal to the projection plane). Since the polarities of P-wave 
first motion for the AE event were readable at only six sensors, various 
nodal planes could conceivably be chosen to fit the data. In addition, 
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although the amplitudes received at sensors projected close to nodal planes 
should be small, those received at sensors 9 and 18 are substantial. This 
suggests that fracture inducing the AE event was not pure shear fracture 
and a vector of the displacement accompanying the fracture was not 
parallel to a fracture plane and had a component normal to it. If, however, 
the nodal planes shown in the figure are chosen, the P and T axes are both 
found to be almost horizontal and in directions not so different from those 
of the chamber axis and the borehole axis, respectively. 
 
     As shown in Fig. 10, the AE source was located at a distance only 2.6 
m from the chamber wall, bordering a newly excavated 12 m wide and 30 
m long opening. Thus, at the location of the AE source and as a result of the 
two blastings, the stress parallel the borehole axis should have decreased, 
while the stress perpendicular to the borehole axis (i.e., along the chamber 
axis) should have increased. Thus, it can be concluded that as a result of 
excavation, the principal stress directions of the initial stress condition 
shown in Fig. 3 changed to those shown with the P and T axes in the 
fault-plane solution. This indicates that the fault-plane solution provides 
useful information regarding stress redistribution due to excavation. 
 
3.3. Six events induced by the excavation of the sixth bench 
     AE events Nos. 3 through 8 of Table 2 were induced by the 
excavation of the No. 6 bench, which was roughly 10 m lower than the 
level where the AE sensors were set. Figure 12 shows a plane view of the 
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progress of No. 6 bench excavation near the time when these events were 
recorded. The first blasting at 5:25, November 23, 1990, excavated a 
portion of the penstock side, and following it, a second blasting at 18:04 on 
the same day excavated a portion of the tailrace side. Within 1 min and at 
32, 60, and 62 min after the second blasting, AE events of No. 3, No. 4, No. 
5, and No. 6 were recorded, respectively. A third blasting was carried out 
the next day, November 24, at 5:37 to remove another portion on the 
tailrace side. At 1 and 46 min after this third blasting, AE events of No. 7 
and No. 8 were recorded. 
 
     Because the magnitudes of AE events Nos. 3 through 8 were small, 
the polarity of the P-wave first motion could be read at only four or five 
sensors for each event. Due to this paucity of polarity data, it was difficult 
to obtain a fault-plane solution for the respective AE events. On the other 
hand, since the occurrence times and the located sources of the six AE 
events were close to each other as shown in Table 2 and Figs. 4, 5, and 12, 
we inferred the fracture mechanisms to be similar to each other. Thus, by 
superimposing the six events under the assumption that the fracture 
mechanisms of the AE events were the same, we obtained a fault-plane 
solution shown in Fig. 13. 
 
     When the two nodal planes shown in Fig. 13 were chosen, only one 
closed circle (●), which indicates that a sensor recorded a compressive 
P-wave first motion, is contained in the region where open circles (○), 
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which indicate sensors that recorded dilatational first motion, are otherwise 
exclusively distributed. This implies that nodal plane selection is not 
completely correct for the six events and that the respective mechanisms of 
the events are slight different from each other. If, however, we choose to 
overlook this inconsistency in the polarity of only one sensor, the 
fault-plane solution thereby becomes consistent for the six events. 
 
     Figure 13 shows the directions of P and T axes, together with those 
of the principal stresses, 1, 2, and3, of the initial stress shown in Fig. 3. 
Although the P axis is in a similar direction to σ1 and the T axis is in a 
similar direction to σ3, the direction of the P axis is closer to vertical than 
that of σ1 and the direction of the T axis is closer to horizontal than that of 
σ3. This can be understood by considering that the directions of the two 
principal stresses turned slightly during the progressive chamber 
excavation. The direction of the most dominant joint surface (which shows 
a concentration from 9% to 11% in Fig. 2) is denoted by a broken arc in Fig. 
13. We can see that the strike and dip of one of the nodal planes 
(N4E/68W) are close to those of the most dominant joint surface 
(N22W/68SW). Considering that the six AE events were recorded upon 
excavation of the No. 6 bench, which is around 10 m lower than the level 
of the No. 3 bench where the AE sensors were set, we infer that the six 
events were most likely caused by shear fractures slipping along the 
dominant joint surfaces under the influence of the in situ stress condition. 
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     The multi-extensometer set in a hole drilled at a 22 m horizontal 
distance from the AE monitoring holes (see Figs. 1 and 4) measured 
cumulatively larger displacements toward the chamber with successive 
excavations of benches lower than the No. 7 bench, as shown in Fig. 14. 
Such large displacements were most likely caused by rock masses sliding 
downward along the dominant joint surfaces. Shear fractures along the 
dominant joint surfaces, derived from the fault-plane solution for the six 
AE events recorded with excavations of the No. 6 bench, seem to be a 
precursor to the larger displacements induced by bench excavations below 
the No. 7 bench. These results suggest that we can predict large rock mass 
sliding, a serious concern for chamber stability, if we can obtain fault-plane 
solutions in real time with information on the directions of dominant joint 











4. CONCLUDING REMARKS 
 
     We monitored AE events induced by the progressive excavation of a 
large underground chamber 280 m below the surface through the use of 
sensitive, high-frequency monitoring (15 to 40 kHz) for small AE events 
within a relatively small region. Although large AE events were seldom 
induced, as expected, some smaller AE events were successfully located 
and their fracture mechanisms were identified. Upon a discussion of 
fault-plane solutions together with such related considerations as the 
directions of dominant joint surfaces, the initial stress condition, and the 
shape of excavated openings around the location of the AE event, we arrive 
at the following conclusions. 
 
     (1) The fault-plane solution of an AE event induced by a sudden 
collapse of a pillar face remaining in the upper section of the chamber 
indicated that the AE event was induced with shear fracture along one of 
the dominant joint surfaces and that the directions of the maximum and 
minimum principal stresses causing the fracture were almost the same as 
those in the initial stress condition.  
 
     (2) The fault-plane solution of the AE event induced by the third 
bench excavation suggested that the directions of its P and T axes were 
strongly affected by an opening newly excavated in front of where the AE 
event was induced. This indicates that the fault-plane solution provides 
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useful information regarding stress redistribution due to excavation. 
 
     (3) The fault-plane solution obtained by superimposing the six AE 
events induced by the No. 6 bench excavations indicates that the six events 
were most likely caused by shear fracture slippage along dominant joint 
surfaces under the influence of in situ stress conditions. The 
multi-extensometer measured cumulatively large displacements toward the 
chamber with excavations of the benches below the No. 7 bench. The large 
displacements thus observed were most likely caused by rock masses 
sliding downward along dominant joint surfaces. The six AE events 
recorded with excavations of the No. 6 bench seemed to be a precursor to 
large displacement. The results suggest that we can predict large rock mass 
sliding, a serious concern for chamber stability, if we can obtain fault-plane 
solutions with information on the directions of dominant joint surfaces and 
initial stress conditions.  
 
     (4) The above discussion suggests that, by employing sensitive, 
high-frequency AE monitoring, fault-plane solutions can be effectively 
utilized as a tool for assessing the stability of a chamber carefully 
excavated at shallow depth with sufficient reinforcement, as well as in deep 
mines where fault-plane solutions have already been used in practice to 
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Figure 3. In situ stress condition measured by an over-coring method before 




















Figure 4. Elevation view: excavation steps for main chamber; AE sensor 
holes; multi-extensometer anchor position. Star, open circle, and crosses 




































































Figure 8. Plane view: progressive excavations in an upper section of the 
chamber just before AE event No. 1 was recorded 
 
 
Figure 9. Fault-plane solution of No. 1 AE event (lower hemisphere 




Figure 10. Plane view: progressive excavations of No. 3 bench just before 




















































Figure 12. Plane view: progressive excavations of No. 6 bench near the 
when AE events Nos. 3 through 8 were recorded 
 
 
Figure 13. Fault-plane solution obtained by superimposing the polarity 
























1 b (upper part) Jan. 31 13:03 13:28 ☆ 
2 No. 3 bench Sep. 22 17:03 17:47 ○ 
3 
No. 6 bench 
Nov. 23 18:04 
18:04 × 
4 18:36 × 
5 19:04 × 
6 19:06 × 
7 
Nov. 24 5:37 
5:38 × 
8 6:23 × 
 
Mechanical properties Mean value Numbers of data 
Intact (laboratory)   
Specific gravity  2.75 69 
Water absorption (%) 0.34 69 
Unconfined compressive strength (MPa) 236.7 76 
Tensile strength (MPa) 11.8 49 
Young's modulus (GPa) 76 71 
Poisson ratio 0.25 31 
P wave velocity (km/s) 5.71 36 
S wave velocity (km/s) 3.69 36 
Critical strain (%) 0.3 69 
Rock mass (in situ)   
Young's modulus (GPa) 24 18 
P wave velocity (km/s) 56 
Shear Strength (MPa) 4.53 
Internal friction angle (º) 60.9 
Table 2.  AE events 
